The mass and pole residue of the ground and first radially excited Ω − invariant mass distribution is one of the intriguing discoveries in physics of the heavy baryons [1] . Preliminary analysis indicates that these five neutral resonances are composed of css quarks, and may be orbitally/radially excited states of the Ω 
which were considered as the ground states with the spinparities J P = 1/2 + and 3/2 + , respectively. Theoretical investigations performed in the context of different approaches, and predictions obtained for the spectroscopic parameters provide incomparably more detailed information on the features of the Ω 0 c baryons, than experimental data . In fact, the masses of the ground state and radially/orbitally excited heavy baryons including the Ω 0 c particles were calculated using the relativistic quark models [3, 9, 10] , the QCD sum rule method [4, 5, 7, 8, 14-16, 21, 22, 24, 25] , the Heavy Quark Effective Theory (HQET) [6] , various quark models [11-13, 17, 18, 23] , and lattice simulations [19, 20] . The strong couplings and transitions of the heavy flavored baryons, their magnetic moments and radiative decays also attracted interest of physicists [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . It is worth noting, that in some of these theoretical studies different assumptions were made on the structure of the heavy baryons. For example, in Refs. [9, 10] a heavyquark-light-diquark picture were employed in the relativistic quark model. In other works, QCD sum rule calculations were carried out in the context of the HQET [7, 8, 21, 22] .
The discovery of five new Ω 0 c particles by the LHCb Collaboration changed the existed experimental situation, and stimulated a theoretical activity to explain the observed states. These states were seen as resonances in the Ξ The LHCb did not provide an information on the spin-parities of the new states, which is an important problem of ongoing theoretical investigations. Thus, in our Letter [35] we have calculated the masses of the ground states and first radial excitations of Ω 0 c with J P = 1/2 + and 3/2 + , and found that the particles Ω c (3066) and Ω c (3119) can be considered as the radially excited css baryons with the quantum numbers (2S, 1/2 + ) and (2S, 3/2 + ), respectively. In calculations we have employed the two-point QCD sum rule method by invoking into analysis general expressions for the currents to interpolate the Ω 0 c baryons with spins 1/2 and 3/2. Our results correctly describe the masses of the ground states Ω 0 c and Ω c (2770) 0 , and agree with two of the recent experimental data of the LHCb Collaboration. It is interesting, that predictions obtained in some of previous theoretical studies agree with new LHCb data and our results (more detailed information can be found in Ref. [35] , and in references therein), as well.
The problems connected with the Ω 0 c states have been addressed in Refs. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . The new particles have been assigned to be P-wave Ω c baryons in Ref. [36] , where the authors evaluated widths of their decay channels. Calculations there have been performed in the framework of HQET using the sum rule approach. In Refs. [37, 38] Ω c (3000), Ω c (3050), Ω c (3066), Ω c (3090) and Ω c (3119) have been interpreted as P-wave excited states of the Ω Ref. [39] . Attempts have been done to classify new states as five-quark systems or S-wave pentaquark molecules with J P = 1/2 − , 3/2 − and 5/2 − [40, 41] . The possible pentaquark interpretation of the Ω 0 c baryons on the basis of the quark-soliton model has been suggested also in Ref. [42] .
The explorations carried out in the context of a constituent quark model have allowed authors of Ref. [43] [45] . The studies have been performed using the two-point sum rule method by introducing relevant interpolating currents.
The newly discovered Ω 0 c states, their spin-parities has been analyzed in Refs. [46] [47] [48] , too. Thus, studies in Ref. [46] showed that five resonances Ω As is seen, a variety of suggestions made on the structures of the Ω 0 c states, methods and schemes used to compute their parameters, and obtained predictions for the spin-parities of these baryons is quite impressive. In the present work we are going to extend our previous paper by including into analysis P-wave (1P, 1/2 − ) and (1P, 3/2 − ) states, as well. We will evaluate the masses and pole residues of the ground and four excited Ω 0 c states. We will also calculate widths of Ω 0 c → Ξ + K − decays using the light cone sum rule (LCSR) method, which is one of the powerful nonperturbative approaches to evaluate parameters of exclusive processes [49] . Calculations will be performed by taking into account K meson's distribution amplitudes (DAs). The extracted from analysis mass and decay width of Ω 0 c states will be confronted with existing LHCb data, and predictions obtained in theoretical papers. This will allows us to identify Ω c (3000), Ω c (3050), Ω c (3066), and Ω c (3119) by fixing their quantum numbers.
This work is structured in the following way. In Sec.
II we calculate the mass and pole residue of the ground state and orbitally/radially excited Ω 0 c baryons with the quantum numbers (1S, 1/2 
STATES
In this section we evaluate the mass and pole residue of the spin 1/2 and 3/2 ground state and excited Ω c (hereafter, we omit the superscript 0 in Ω The sum rules necessary to find masses and residues of the Ω 0 c baryons can be derived using the two-point correlation function
where η(x) and η µ (x) are the interpolating currents for Ω c states with spins J = 1/2 and J = 3/2, respectively. They have the following forms
and
In expressions above C is the charge conjugation operator. The current η(x) for the 1/2 baryons contains an arbitrary auxiliary parameter β, where β = −1 corresponds to the Ioffe current.
We start from the spin 1/2 baryons and calculate the correlation function Π Phys (p) in terms of the physical parameters of the states under consideration and determine Π OPE (p) employing the quark propagators. Because, the current η(x) couples not only to states Ω c and Ω ′ c , but also to Ω − c , in the physical side of the sum rule we explicitly take into account their contributions by adopting the "ground-state+first orbitally+first radially excited states+continuum" scheme: We follow an approach applied recently to calculate the masses and residues of radially excited octet and decuplet baryons in Refs. [50, 51] . In these works the authors got results, which are compatible with existing experimental data on the masses of the radially excited baryons, and demonstrated that besides ground-state baryons the QCD sum rule method can be successfully applied to investigate their excitations, as well.
Thus, we find We proceed by introducing the matrix elements
Here λ, λ and λ ′ are the pole residues of the Ω c , Ω
and Ω ′ c states, respectively. Using Eqs. (5) and (6) and carrying out summation over spins of the 1/2 baryons
we obtain
The Borel transformation of this expression is:
(p) are the Borel transformations of the same structures in Π OPE (p) computed employing the quark propagators, as it has been explained above. It is assumed, that continuum contributions are subtracted from the right-hand sides of Eqs. (10) and (11) utilizing the quark-hadron duality assumption.
The derived sum rules contain six unknown parameters of the ground state and excited baryons. Therefore, from Eqs. (10) and (11) we determine the parameters (m, λ) of the ground state Ω c baryon by keeping there only the first terms, and choosing accordingly the continuum threshold parameter s 0 in Π
This is sum rule's computations within the "ground-state + continuum" scheme. At the next step, we retain in the sum rules terms corresponding to Ω c and Ω The similar analysis with additional technical details is valid also for the spin 3/2 baryons, as well. Indeed, in this case we use the matrix elements
where u µ (p, s) are the Rarita-Schwinger spinors, and carry out the summation over s by means of the formula
The interpolating current η µ couples to spin-1/2 baryons, therefore the sum rules contain contributions arising from these terms. Their undesired effects can be eliminated by applying a special ordering of the Dirac matrices (see, for example Ref. [50] ). It is not difficult to demonstrate, that structures ∼ / pg µν and ∼ g µν are free of contaminations and formed only due to contributions of spin-3/2 baryons. In order to derive the sum rules for the masses and pole residues of the ground-state and excited Ω 0 c baryons with spin-parities 3/2 − and 3/2 + we employ only these structures and corresponding invariant amplitudes.
The correlation functions Π(p) and Π µν (p) should be found using the quark propagators: This is necessary to get the QCD side of the sum rules. We calculate them employing the general expression given by Eq. (2) and currents defined in Eqs. (3) and (4). The results for Π OPE (p) and Π OPE µν (p) in terms of the s and c-quarks' propagators are written down in Appendix. Here we also present analytic expressions of the propagators, themselves. Manipulations to calculate correlators using propagators in the coordinate representation, to extract relevant two-point spectral densities and perform the continuum subtraction are well known and were numerously MeV and m c = (1.27 ± 0.03) GeV, respectively. These parameters and their different products determine an accuracy of performed numerical computations: In the present work we take into account terms up to ten dimensions.
The sum rules depend also on the auxiliary parameters M 2 and s 0 , which are not arbitrary, but can be changed within special regions. Inside of these working regions the convergence of the operator product expansion, dominance of the pole contribution over remaining terms should be satisfied. The prevalence of the perturbative contribution in the sum rules, and relative stability of the extracted results are also among restrictions of calculations. At the same time, the Borel and continuum threshold parameters are main sources of ambiguities, which affect final predictions considerably. These uncertainties may amount to 30% of results, and are unavoidable features of sum rules' predictions. For spin-1/2 particles there is an additional dependence on β, stemming from the expression of the interpolating current η(x). The choice of an interval for β should also obey the clear requirement: we fix the working region for β by demanding a weak dependence of our results on its choice. Results for the spin-1/2 particles are obtained by varying β = tan θ within the limits
where we have achieved best stability of our predictions. Let us note, that for the famous Ioffe current cos θ = −0.71.
Results obtained in this work for the masses and residues of the spin-1/2 and 3/2 Ω c baryons are presented in Tables I and II , respectively. Here we also provide the working windows for parameters M 2 and s 0 used in extracting m and λ. The masses and pole residues of the radially excited baryons (2S, 1/2 + ) and (2S, 3/2 + ) slightly differ from predictions obtained for these states in our previous work [35] . These unessential differences can be explained by features of schemes adopted in Ref. [35] and in the present work. In fact, in Ref. [35] parameters of the radially excited states were extracted within the "ground-state+2S-state+continuum" approximation, whereas now we apply the "groundstate+1P+2S-states+continuum" scheme: An additional baryon included into analysis, naturally affects final predictions.
In order to explore a sensitivity of the obtained results on the Borel parameter It is instructive to explore the "convergence" of the iterative process used in the present work to evaluate parameters of the Ω c baryons. It is known, that the ground-state contributes dominantly to the spectral density. The excited states included into the sum rules are sub-leading terms. To quantify this statement we calculate the pole contribution (PC) to the sum rules in the successive stages of the iterative process to reveal effects due to the ground-state and excited baryons. To this end, we fix the Borel parameter M 2 = 4.5 GeV 2 (for spin-1/2 baryons also cos θ = −0.5) and compute the PC at each stage using for the continuum threshold s 0 its upper limit from the relevant intervals (see , Tables  I and II) . We start from the spin-1/2 baryons and from the "ground-state + continuum" phase, and find that PC arising from Ω c equals to 44% of the result. Computations in the "ground-state + 1P state + continuum" step allows us to fix the total PC from Ω c and Ω − c baryons at the level 58% of the whole prediction, or 14% effect appearing due to Ω 
We first represent the correlation function Π(p, q) using the parameters of the involved baryons, and, by this manner determine the phenomenological side of the sum rules. We get
where p ′ = p + q, p and q are the momenta of the Ω c , Ξ c baryons and K meson, respectively. In the last expression m Ξc is the mass of the Ξ and define the strong couplings:
Then using the matrix elements of the Ω we recast the function Π Phys (p, q) into the form:
The double Borel transformation on the variables p 2 and p ′2 applied to Π Phys (p, q) yields
where m 20), which can be used to derive the sum rules for the strong couplings. We work with the structures / q / pγ 5 and / pγ 5 . Separating the relevant terms in the Borel transformation of the correlation function Π OPE (p, q) computed employing the quark-gluon degrees of freedom we get:
and . But in our analysis we choose
which is traditionally justified by a fact that masses of the involved heavy baryons Ω 
and Γ Ω
In expressions above the function f (x, y, z) is given as:
The QCD side of the correlation function Π OPE (p, q) can be found by contracting quark fields, and inserting into the obtained expression relevant propagators. The remaining non-local quark fields s a α u b β have to be expanded using
where Γ i = 1, γ 5 , γ µ , iγ 5 γ µ , σ µν / √ 2 is the full set of Dirac matrices. Sandwiched between the K-meson and vacuum states these terms, as well as ones generated by insertion of the gluon field strength tensor G λρ (uv) from quark propagators, give rise to the K-meson's distribution amplitudes of various quark-gluon contents and twists. Both in analytical and numerical calculations we take into account the K-meson DAs up to twist-4 and employ their explicit expressions from Ref. [52] .
Apart from parameters in the distribution amplitudes, the sum rules for the couplings depend also on numerical values of the Ξ Table IV and compared with the LHCb data and results of other theoretical works.
The decays of the spin-3/2 baryons Ω c is spin-1/2 groundstate baryon, and it belongs to sextet part of the heavy baryons. Its interpolating current should be symmetric under exchange of the two light quarks. In this section we consider these three decay processes.
Again we start from the same correlation function, but with the current η(x) replaced by η µ (x):
We define the strong couplings g Ω ⋆− ΞK and g Ω ⋆′ ΞK through matrix elements
and for Π Phys µ (p, q) obtain the following expression:
where we have used the shorthand notation
For the Borel transformation of Π Phys µ (p, q) we get
To extract the sum rules we choose the structures / q / pγ µ and /µ . The same structures should be isolated in BΠ QCD µ (p, q) and matched with ones from BΠ Phys µ (p, q). The final formulas for the strong couplings are rather lengthy, therefore we refrain from providing their explicit expressions.
The knowledge of the strong couplings allows us to find the widths of the corresponding decay channels. Thus, the width of the Ω * − c → Ξ
whereas for Γ(Ω * ′ c → Ξ
In order to find g Ω ⋆′ Ξ ′ K corresponding to the vertex Ω 
We skip details and provide below only final expression for the double Borel transformation of the term ∼ / q / pγ µ in Π Phys µ (p, q), which is utilized to derive the required sum rule
In Eq. 
In numerical computations for the mass and residue of the Ξ ′+ c baryon we use
which are borrowed from Refs. [2] and [16] , respectively.
Numerical computations for the strong couplings yield (in GeV −1 ):
For the decay widths we get:
Obtained predictions for widths of the Ω
⋆− c
and Ω
⋆′ c
baryons are shown in Table IV: for Ω ⋆′ c we present there a sum of its two possible decay channels.
V. DISCUSSION AND CONCLUDING REMARKS
In the present work we have investigated the newly discovered Ω 0 c baryons by means of QCD sum rule method. We have calculated masses and pole residues of the ground-state and first orbitally and radially excited Ω 0 c baryons with the spin-1/2 and -3/2. To this end, we have employed two-point QCD sum rule method and started from the ground-state baryons. We have derived required sum rules for m Ωc and λ Ωc using two different structures in the relevant correlation functions. The masses and residues of the ground-states have been treated as input information in the sum rules obtained to evaluate parameters of the first orbitally excited baryons. The same manipulations have been repeated also in the case of the radially excited states.
The predictions for the masses and residues obtained in the present work almost coincide with results of our previous paper [35] excluding numerically small modifications in parameters of the radially excited baryons. This may be expected, because in the present work we have employed more sophisticated iterative scheme. Nevertheless, assignments for Ω 0 c made in Ref. [35] remain valid here, as well (see , Table III ).
The widths of the Ω 0 c → Ξ + c K − decays, calculated in the context of the QCD full LCSR method, have allowed us to confirm an essential part of our previous conclusions. Thus, the mass and width of the (1P, 1/2 − ) and (2S, 3/2 + ) states are in a nice agreements with the same parameters of the Ω c (3000) and Ω c (3119) baryons, respectively. The mass of the orbitally excited state (1P, 3/2 − ) is close to Ω c (3050). But it may be considered also as the Ω c (3066) baryon. A decisive argument in favor of Ω c (3050) is the width of the state (1P, 3/2 − ), which is in excellent agreement with LHCb measurements. As a result, we do not hesitate to confirm our previous assignment of Ω c (3050) to be the baryon with J P = 3/2 − . Situation with the orbitally excited state (2S, 1/2 + ) is not quite clear. In fact, its mass and width, allow one to interpret it either as Ω c (3066) or Ω c (3090). We have kept in Tables III and IV our previous classification within errors agrees both with LHCb data and our present result for (1P, 3/2 − ) state. After discovery of the LHCb Collaboration, parameters of new states in the context of QCD sum rule approach have been also investigated in Refs. [43, 48] . In Ref. [43] all of five states have been considered as negative-parity baryons, whereas in Ref. [48] only two of them have been classified as negative-parity states. But lack of information about widths of Ω 
